Interactions between the immune system and the brain are a key element in the pathophysiology of diseases such as multiple sclerosis, neuroAIDS, and Alzheimer's, which affect large numbers of individuals and are associated with a high social cost. However, the neuroanatomical basis of brain-immune interactions has not been elucidated. We report that in Wistar rats of either sex bilateral electrolytic lesion of the medial forebrain bundle reduces body weight by 28% 7 days after lesioning, and causes widespread infections, aphagia, adypsia, structural damage to the lymphoid organs and heavy depression of T lymphocytes cytotoxicity. The following alterations occur in the immune system after those lesions: the weight of the thymus, spleen and lymphonodes is reduced by 77.9%, 49.1% and 48.4%, respectively. The thymus is atrophied and contains fewer lymphoid cells in the cortex than in the medulla. In the spleen the white pulp is reduced and lymphoid cells from periarteriolar zones and at the chords are almost absent. In lymph nodes cortical small lymphocytes are depleted and primary and secondary nodules and germinal centers all but disappear. Cytotoxicity of lymphocytes is reduced by 86.2% in the thymus, 77.6% in the spleen and 70.2% in lymph nodes. The critical area of lesion is at the medialmost portion of the medial forebrain bundle, at the preoptic area and rostral part of the anterior hypothalamus. We suggest that this area contains neural circuits that are crucial for keeping the structure of lymphoid organs and the functional integrity of the immune system.
Introduction
The regulation of immune function is accomplished by a variety of complex mechanisms involving cytokines, cell-to-cell communication, hormones, and neural circuits. Peripheral immune mechanisms have been investigated to a great extent but the neural structures that play a role in such regulation have not been fully identified. 1 Brain immune interactions have an important role in the pathophysiology of diseases such as multiple sclerosis, neuroAIDS, and Alzheimer's, which are highly prevalent and have a profound social cost. [2] [3] [4] [5] [6] [7] [8] [9] Several studies have demonstrated that the central nervous system participates in the regulation of immune function. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Immune deficiency may result from lesioning the hypothalamus and the reticular formation, [22] [23] [24] the medial septal nucleus 25 and nucleus basalis of Meynert. 26 A complex pattern of neural regulation of the immune system was found by Belluardo et al, 19 who observed that electrolytic lesions of individual nuclei in the mouse medial hypothalamus depresses lymphocyte cytotoxic activity, whereas lesions of all the nuclei cause only a slight reduction in lymphocyte cytotoxic activity. These data indicate that there may be a functional interaction between hypothalamic nuclei that produce a balance between activation and deactivation of immune function.
To investigate the anatomical basis of neuroimmune interactions, we conducted hypothalamic lesions to determine whether lesions of specific areas of the hypothalamus affect the functioning of the peripheral immune system. We designed the experiments described below in order to accomplish the following: (1) to determine the critical hypothalamic area associated with the immune depression that followed lesioning; (2) to ascertain the effects of those lesions on the size and structure of lymphoid organs and on lymphocyte toxicity; and (3) to verify whether changes in the structure and function of lymphoid organs were secondary to food deprivation or to changes in corticosterone levels.
Materials and methods
Adult Wistar rats of either sex, weighing 160-200 g, underwent electrolytic lesion of the lateral portion of preoptic and anterior hypothalamic areas. Animals were anesthetized with ketamine hydrochloride 50 mg kg −1 plus flunitrazepan 10 mg kg −1 (intraperitoneally injected) and fixed to a stereotaxic instrument for bilateral, symmetric lesions with 1 mA current during 5 s by means of a stainless steel semimicroelectrode (50 m in diameter at the tip). The electrode was positioned according to the atlas of Koening and Klippel, 27 initially aiming at lesioning from A:5.2 to 7.0, L:1.2 to 2.0, and H:2.0 to 3.0. The critical lesion was circumscribed to a tiny strip within the medial portion of the medial forebrain bundle at the preoptic area and a small strip of the anterior hypothalamus.
When the lesioning procedure was completed, the animals received penicillin and were thereafter kept in individual cages. Because lesions caused complete aphagia, rats were intragastrically fed three times a day with a standard laboratory diet food suspended in milk (50% liquid, 50% solid mix). Control and sham-operated rats were also fed the same way. All animals were weighed daily. When infection occurred a combination of penicillin and streptomycin was used.
Within 7-10 days of surgery, animals developed infection. Therefore, for our experimental purposes, rats were killed 6 days after lesioning. During autopsy we searched for signs of infection or inflammation. Thymus, spleen and inguinal lymph nodes were removed and their fresh weights were determined, and they were preserved for histologic examination. Brains were removed and processed for the identification of the extent and topography of lesions in 10-m, Nisslstained sections. The adrenal glands were also removed and weighed.
In the control group lesions were made in the parietal cortex. In the sham-operated rats the semimicroelectrode was introduced in the brain but no current was passed; the electrode was positioned one millimeter above the critical area, because the target area was very small and its tunneling by the electrode could produce an effective lesion, which we had found to occur in preliminary experiments. An additional control group consisted of animals deprived of food and water for 6 days.
Corticosterone levels were measured to determine if changes in immune function were associated with alterations in the levels of this stress-responsive hormone.
Immune function tests
Five groups were used to assess lymphocyte cytotoxicity function: normal (N), control lesion (C), sham lesion (S), medial forebrain bundle area lesion (L) and a control group, consisting of non-lesioned animals that were fasted for 7 days (F). Three days before being killed, the animals were intravenously injected with sheep red blood cells (SRBC) and treated according to the technique described by Miller et al. 28 A 2.10 8 SRBC suspension in 199 medium supplemented with 2 nM Hepes (Riedel de Haen AG D-3016 Seelze 1, Germany), 1% l-glutamine, and 5% inactivated bovine fetal serum at pH 7.4 was used to sensitize the animals. In the control group a sterilized saline solution was injected intravenously. Thymus, spleen and lymph nodes were removed for the lymphocyte cytotoxicity test. The lymphoid organs were cut into pieces, washed and placed in a Petri dish containing 199 medium added with 2 nM Hepes, 4 nM NaHCO 3 (Mallinkrodt, USA) and 5.10 −5 M 2 mercaptoethanol and thereafter passed through nylon wool columns (nylon fiber 38.1 mm type 200) for separation of adhering cells. 29 One hour after incubation the material was centrifuged (1800 rpm) at room temperature for 10 min. Subsequently, non-adherent cells, T-lymphocytes, were resuspended in 199 medium supplemented with 2 nM Hepes, 4 nM NaHCO 3 and 5 × 10 −5 M mercaptoethanol and used as effector cells. 29 
Corticosterone levels
Corticosterone was measured by radioimmunoassay (RIA). In deeply anesthetized animals, blood was collected by cardiac puncture in heparin 40 min after the anesthetic had been injected, to reduce stress to a minimum. Anticorticosterone antibodies (from Radioassay Systems Laboratories) and a tritiated ( 3 H) antigen were used in the RIA.
Histology
Brains of the lesioned and sham-lesioned animals were also removed for Nissl-staining to assess the lesioned areas in the L group and electrode position in S. Sections of the lymphoid organs were stained with hematoxylin-eosine for histological examination.
Lymphocyte mediated cytotoxicity (LMC)
T cells were incubated in 96 wells in round-bottomed microtiter plates with ×10 5 51 Cr-labeled SRBC, 30 resulting in an E/T ratio of 50:1 in a total volume of 0.2 ml RPMI/FCS. Each culture was performed in triplicate. The plates were incubated for 18 h at 37°C. The cultures were then centrifuged for 1 min and 50 l of the supernatant from each well were removed and the 51 Cr release was measured in a gamma counter. Spontaneous release of 51 Cr was determined from target cells alone and maximum release was obtained by the addition of distilled water to the 51 Cr-SRBC. Cytotoxicity was calculated as the relative (percentual) specific lysis (cpm of the test group as related to cpm of spontaneous release), according to the following formula: [31] [32] [33] [34] specific lysis = experimental cpm − spontaneous cpm maximum cpm − spontaneous cpm × 100.
The percentage of maximum cpm relative to spontaneous cpm was over 90% in control experiments. 
Statistical analysis
The significance of differences between groups was assessed using analysis of variance (ANOVA) followed by post hoc correction (Duncan test). Statistical significance was assumed for P Ͻ 0.05.
Results

Body weight
The animals in which the entire medial forebrain area was bilaterally lesioned (which included the critical area) soon exhibited the lateral hypothalamic syndrome. They adopted a curled posture, walked little and slowly and became apathetic, reacting weakly and only to strong sensory stimuli. Most animals did not eat or drink spontaneously. Loss of weight evolved rapidly towards cachexia within 5 or 6 days ( Figure 1 ), when weight had dropped on the average from 194.42 ± 2.66 g (mean ± SEM) before operation to 139.93 ± 2.61 g (Table 1) , which amounts to a reduction of 28% (P Ͻ 0.01). Loss of body weight could have been a consequence of infection but when the latter was prevented by antibiotics, no significant difference was found in weight between the groups with and without infection. In non-infected rats the relative loss of weight was 28.1%, therefore not different from the 
Significantly different (P Ͻ 0.01) from Wb N (normal group) and from Ws L (lesioned), C (control) and S (sham-operated) rats. n = number of animals.
weight loss in the infected group (28.0%). When lesions were restricted to the medial strip, some animals were able to eat and drink a little but loss of weight was similar to that of the animals with complete lesion of the medial forebrain bundle. A slight loss of body weight also occurred in control (C) and in sham-operated (S) rats, as compared to normals (N) ( Table 1) , probably due to the surgical procedures. There was no significant difference between the weight of the C and S groups but both were different (P Ͻ 0.01) from the lesioned (L) group.
Lymphoid organs Thymus, spleen and lymph nodes' weights were compared among the three experimental groups, including L animals in which infection was prevented. Table 2 shows that in L rats thymus weight was sharply reduced (by 77.9%) as compared to the normal group (P Ͻ 0.001); in L, thymus weight was also significantly lower than in C and S groups (P Ͻ 0.01). Among C and S animals thymus weight was similar but it was lower than in N (P Ͻ 0.01); weight loss was, respectively, 20.3% and 21.2% lower in C and S than in N.
Spleen weight was only affected in L rats, in which there was a weight loss of 49.1% in relation to group N (P Ͻ 0.01 in comparison to N, C and S). Lymph node weight was equally reduced (48.4% as related to N) in the rats with a lesion in the medial forebrain bundle area.
The role of infection in weight loss was assessed by comparing the effects of lesioning of the medial forebrain bundle area among animals that were treated with antibiotics and those that were not. As shown in Table 3 , infection was not the cause of weight loss, because its prevention did not change the proportion of either body or lymphoid organs' weight reduction after lesioning.
Lymphoid organs were structurally affected in the medial forebrain bundle lesioned animals but not in the other groups. Thymus was clearly atrophied, yellowish and hardened. The vascular connective tissue surrounding the lobules increased, subdividing the organ into many small lobules which communicated with medullary vessels. Figure 2 illustrates the deep structural changes undergone by the thymus in L animals as compared to normals. Demarcation between cortex and medulla in each lobule was poor and, contrary to what is normally found, medulla was more deeply stained than cortex. The latter was drastically reduced and small lymphoid cells depleted, being occupied by large cells with abundant and clear cytoplasm; a few polymorphonuclear cells and mastocytes were located in scattered sites within the outermost layer adjacent to connective tissue. Medulla showed relatively more lymphoid cells than the cortex, thus generating the inverted overall picture of the gland. In some lesioned rats the thymus presented a striking structural disruption. The spleen gross structure was fairly preserved but reduction of the white pulp was patent. Lymphoid cells from periarteriolar zones and the cords all but disappeared ( Figure 3) .
Lymph nodes from L rats were depleted from small lymphocytes in the cortical area (Figure 4 ). Primary and secondary nodules disappeared and the germinal centers were almost absent. A moderate increase of plasma cells was seen in the medullary cords. A thin rim of secondary cortex was observed in several lymph nodes.
Adrenal gland weight
The weight of the adrenal gland was not affected in any of the experimental groups, except for the shamoperated rats, in which there was a 10.5% reduction in comparison to the normal group (P Ͻ 0.01). Corticos- Figure 2 Microscopic structure of the thymus of a medial forebrain bundle lesioned rat (a) as compared to a normal organ (b). In (b), a normal Hassal body; the characteristic conspicuous lobules with a pale medullary core surrounded by densely packed lymphocytes can be seen. In (a), there appears a corticomedullary inversion, due to the intense cortical lymphocyte rarefaction. HE, × 170. terone levels at the end of the experiments were statistically similar (P Ͼ 0.05) among all the experimental groups (Table 4) . Table 5 summarizes data obtained from the cytotoxicity tests. Thymus lymphocyte cytotoxicity (expressed as mean ± SEM of the percentage of 51 Cr released by the experimental vs control groups) was reduced by the critical lesion to only 13.8% of the normal value (P Ͻ 0.01), falling from 31.0 ± 3.6 in normal rats to 4.4 ± 1.2 in the L group. Among C and S rats no difference was found and neither group differed from normals. Spleen lymphocyte cytotoxicity fell to 22.4% of the normal value, decaying from 30.4 ± 3.8 in N rats down to 6.8 ± 2.2 in the lesioned rats (P Ͻ 0.01). Lymph node lymphocyte cytotoxicity was reduced in the L group to 29.8% as compared to N rats, falling from 27.6 ± 3.8 to 8.2 ± 2.5 (P Ͻ 0.01). Among control and sham-operated rats lymph node lymphocyte cytotoxicity was similar and did not differ from the N group.
Cytotoxicity
In the animals starved for 7 days lymphocyte cyto- (n = 23) (n = 27) (n = 11) toxicity increased significantly (P Ͻ 0.05) in the thymus (49.8 ± 11.5) and spleen (P Ͻ 0.05, 47.5 ± 6.4) but was not affected in lymph nodes.
Topography of the lesion
Impairment of lymphoid organs' structure and function as described above occurred following destruction of a thin strip of the medial forebrain bundle area at the preoptic and anteriormost hypothalamic regions. Figure 5a illustrates the site of the large lesion, at the level of the preoptic region, and Figure 5b shows a small lesion confined to a thin portion of the medial border of the medial forebrain bundle area. Immune depression occurred only when the lesions were bilateral.
Discussion
Bilateral electrolytic lesion of a thin strip of the medial forebrain bundle area at the preoptic and anteriormost hypothalamic regions caused body weight loss, thymus, spleen and lymph nodes hypotrophy and reduction of lymphocyte cytotoxic activity. The literature on the effects of brain lesions on the immune system in general has been reviewed in detail by Cross.
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In our studies, we observed reduction of body weight by about one third in 1 week, despite intragastric feeding and hydration, which maintained the animals adequately fed and hydrated. When lesion of the medial forebrain bundle was completed at the preoptic and anterior hypothalamic levels, the animals could not eat or drink at all but when only its medialmost portion was destroyed they occasionally ate and drank. Depression of cytotoxic T cells activity, although more pronounced when the entire medial forebrain bundle area was destroyed, was severe in either case. Recovery from the failure to eat provoked by lateral hypothalamic lesions was first reported by Teitelbaum and Stellar. 36 They observed that the crucial lesion that induces aphagia and adypsia in the rat is located 1 mm above the floor of the brain and 2 mm off the midline on each side, extending all along parallel to the ventromedial nuclei. Left to eat spontaneously all the animals died within a few weeks but no catastrophic infections have been ever described in studies of the so-called lateral hypothalamic syndrome. If properly fed, rats bearing lesions in that region will start eating by themselves in about 10 days, mainly if offered food with a high fat content, and all the animals do eventually resume eating of ordinary food and water. 37 However, in preliminary experiments in which the entire medial forebrain bundle area had been destroyed, we found that all rats died within less than 15 days after lesioning.
In our experiments, recovery of eating and drinking after whole medial forebrain bundle lesion at the preoptic and anterior hypothalamic levels never occurred, presumably due to the early death of the experimental animals; when the lesions were restricted to the medialmost part of this brain region, ability of the animals to eat and drink was partially recovered but the alterations in immune function were not. Rostrally located lesions in the anteroposterior regions caused alterations in immune function; those lesions also caused aphagia and adypsia. There is evidence that in the rat this region lodges glucoreceptors sensitive to cytoglucopenia, whose lesion may impair glucose metabolism and might therefore induce abnormalities in feeding behavior. 38 Morgane 39, 40 reported aphagia, that did not evolve to spontaneous feeding, after prolonged instrumental feeding and inexorable death in rats subjected to localized lesion of the far-lateral region of the lateral hypothalamus, just medial to the internal capsule; however, no changes in immune function were reported in those studies.
All animals were adequately fed and hydrated throughout the study; therefore, it is unlikely that either starvation or dehydration induced alterations in immune function in our experiments. We also documented that complete food and water deprivation of normal rats for 6 days caused a weight loss that was parallel to but was less prominent than that which occurred in the lesioned rats; nevertheless, it did not provoke changes in the structure or function of lymphoid organs.
The severe impairment of structure and function of the lymphoid organs that we observed in this study is evidence of interruption of a normal mechanism that directly maintains their trophism. Thymus involution has been previously reported after central lesion 41 but the type and intensity of the structural changes we found in this organ revealed a highly disrupting effect of the lesion. The alterations in spleen and lymph nodes we detected, however, are similar to those reported by Isakovic and Jankovic. 41 The hypothalamic area they lesioned was more medially located as compared to our critical lesion.
Acute thymus involution has been found to occur under increased endogenous secretion or administration of androgenic, estrogenic and adrenocortical steroid hormones, stress and starvation. 42 The deeper impairment of thymus in our study, in comparison to spleen and lymph nodes, is expressed by its structural loss, which appears as an almost complete destruction A smaller lesion at the medialmost portion of the medial forebrain bundle area (in black), mostly at the suprachiasmatic level, around 0.3 mm wide and deep and slightly less than 1.0 mm along the vertical axis. Abbreviations: ac, anterior commissure; amy, amygdala; c, cingulum; cc, corpus callosum; cg, cingulate gyrus; cp, caudate-putamen; f, fornix; gp, globuls pallidus; Ipo, lateral preoptic nucleus; mfb, medial forebrain bundle; mpo, medial preoptic nucleus; oc, optic chiasm; pm, magnocellular preoptic nucleus; sf, fimbrial spetalnucleus; sl, lateral septal nucleus; st, interstitial nucleus of stria terminalis.
of the cortex, and weight reduction to only about one fifth of that prevailing in the normal organ. Thymus lymphocyte cytotoxicity was reduced to 13.8% of the normal value. Whether atrophy of the organ and reduction of cytotoxicity in thymus T lymphocytes are independent variables or the latter depends upon the former remains an open question.
Spleen and lymph node weight was reduced in L rats by approximately the same amount (near 50%) in comparison to normal rats, which is much less than weight reduction of the thymus (86.2% as related to normal animals).
The medial forebrain bundle is not a single fiber tract but a mesh of autochthonous neurons, that entertain complex connections among themselves and with distant neurons, and long projection fibers that course in both ascending and descending directions. 43 The local neurons originate and/or mediate many behavioral and homeostatic functions (such as feeding and sexual behavior, sleep, alertness, blood glucose regulation), requiring the activation of several distributed systems. This pattern of organization probably contributes to the impairment of immune regulation by the lesioning of several structures that are connected with the medial forebrain bundle (septal area, hippocampus, frontal cortex, nucleus of Meynert). In fact, the medial forebrain bundle is a central link in an intricate network, which involves these structures and other, hypothalamic and preoptic connections, related to the control of secretion of the pituitary hormones. Several pituitary hormones and endogenous peptides do either inhibit (adrenocorticotropic hormone, ␣-endorphin, leu-and met-enkephalin) or enhance (thyrotropic and growth hormone) immune function. The medial forebrain bundle could potentially influence the immune system through its connections with the preoptic and hypothalamic nuclei involved in pituitary function, particularly hormones regulating hypothalamic-pituitaryadrenal (HPA) axis function. 44, 45 However, corticosterone levels were not abnormal in our study. Further studies are needed to ascertain the mechanisms by which the medialmost portion of the medial forebrain bundle at the preoptic and rostral anterior hypothalamic areas contribute to regulate immune function.
In conclusion, our experiments suggest the existence, in the medialmost portion of the medial forebrain bundle at the preoptic and rostral anterior hypothalamic areas, of neural circuits that are essential for the maintenance of the structure and function of lymphoid organs.
